Abstract. Calpain is a class of Ca 2+ -dependent cysteine proteases and has been suggested to be involved in several important signaling cascades. A series of novel aldehyde calpain inhibitors identified in our laboratory were more potent and specific than commercially available calpain inhibitors, and were used to assess the involvement of calpain in cancer. Our inhibitors demonstrated potent anti-proliferative activity in four cancer cell lines (PC-3, HeLa, Jurkat and Daudi) with IC 50 's ranging from 2 to >30 μM. A non-cancer cell line (CV-1) was 4-7-fold less sensitive than the cancer cell lines. Apoptotic activity was determined and appeared to be inversely correlated to calpain expression levels in the different cell types. Leukemia cell lines (i.e., Daudi and Jurkat) with undetectable m-calpain were more susceptible to the apoptotic effects in response to calpain inhibition, while apoptosis was not detected in PC-3 prostate cancer cells, which highly express m-calpain. The extent of apoptosis in HeLa cells was moderate under identical conditions. Apoptosis induced by calpain inhibition was accompanied by caspase-3 activation. Furthermore, cell cycle analysis showed that aldehyde calpain inhibitors arrested cells at the G2/M boundary in a concentration-dependent manner. These results indicate that aldehyde calpain inhibitors exhibit their cytotoxic effects via induction of G2/M arrest and apoptosis. Importantly, the compounds failed to exert any inhibitory effects toward 20S proteasome. Collectively, our results suggest that calpain is a novel target for the treatment of a variety of cancer diseases and provide leads for further discovery and development of calpain inhibitors.
Introduction
Appropriate, controlled proteolysis is essential for cell functions including protein catabolism, protein processing, and homeostasis. Many diseases, including cancer, are derived from the deficiency or upregulated function/expression of certain functional proteins, which are substrates of various proteolytic enzymes. Hence, it is possible to influence a cascade of signal transduction events by regulating the activity of a single proteolytic enzyme (1) (2) (3) . For example, proteases have recently drawn much attention as targets for anticancer drug design. PS-341, a novel proteasome inhibitor has been successfully used in clinical anticancer treatment (2, 3) .
Calpain is a class of neutral Ca 2+ -activated non-lysosomal cysteine proteases with two major ubiquitously expressed isoforms known as μ-calpain (or calpain I) and m-calpain (or calpain II) based on their Ca 2+ requirement for activation in vitro with μ-calpain requiring a micromolar concentration of Ca 2+ and m-calpain requiring a millimolar concentration of Ca 2+ . Calpain has a large number of intracellular protein substrates that were identified in vitro including kinases (4) and phosphatases (5) , proto-oncogenes (6, 7) , cytoskeletal proteins (8, 9) and some transcription factors including c-Jun (10) and IκB (11) . These protein substrates play very important roles in cell proliferation, apoptosis, cell cycle control and cell migration. Calpain has attracted a lot of attention due to the role it plays in the modulation of various aspects of cell physiology, including apoptosis (12) (13) (14) (15) , cell migration (16, 17) and cell proliferation (18, 19) . ß-cat 75 , a calpain-mediated ß-catenin cleavage product, is more stable than wild-type ß-catenin and may increase tumorigenic potential in prostate and breast cancer cells (20) . Recent studies showed that mcalpain expression is enhanced in metastatic prostate cancer specimens (20) and in colorectal adenocarcinomas (21) as compared to normal tissue. Moreover, there is considerable evidence that inhibition of calpain suppresses cell growth and promotes apoptosis in a variety of human cancer cell lines (12) (13) (14) (15) 22) . Thus, calpain could offer a novel target for anticancer treatment through induction of active cell death, arresting cell growth and tumor invasiveness.
To date, calpain inhibitors I and II have been used widely to trigger apoptosis in various cancer cell lines. However, these inhibitors are not specific to calpain because they inhibit lysosomal enzymes such as 20S proteasome (23) . Thus, it is difficult to deduce the causal role of calpain inhibition in apoptosis. We previously reported a series of peptidyl aldehydes that potently and selectively inhibited μ-calpain (24) . We extended these findings in the current study to explore the ability of these compounds to inhibit tumor cell growth and induce apoptosis as a function of calpain expression and inhibition. The results of these studies are reported herein. Our studies suggest that calpain is an attractive target for anticancer drug discovery and that those aldehyde analogs represent a promising pharmacophore for further modification.
Materials and methods
Cell culture. Preparation of aldehyde analogs. The syntheses of this series of analogs were reported previously (24) .
MTT reductase assay. Cells were distributed into 96-well plates at a density of 2,000-15,000 cells/well, and exposed to a range of drug concentrations (1-100 μM) for 96 h at 37˚C in a 5% CO 2 atmosphere. Wells to which no drug was added were used as negative controls. At the end of treatment, an aliquot (25 μl) of MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] dye (5 mg/ml) was added to each well for the final 2-to 4-h incubation. The plates were then centrifuged at 300 x g for 15 min. The supernatant medium in each well was aspirated, and the formazan product was solubilized with 100 μl DMSO. The absorbance (A) values of wells were determined at 595 nm using a MRX microplate reader (DYNEX Technologies, VA). Percentage cell survival was plotted against the drug concentration and the IC 50 , the concentration of drug required to reduce living cell number by 50% as compared to non-drug treated wells, was determined by non-linear regression analysis using WinNonlin (Pharsight Corporation, Mountain View, CA). Western blotting. Cell lysates were prepared by resuspending cell pellets in the extraction buffer [100 mM HEPES (pH 7.5), 10% sucrose (wt/vol), 0.5 mM EDTA, 10 mM DTT] and incubating in ice for 15 min. Cells were centrifuged at 720 x g for 5 min, and the supernatant fraction was frozen at -80˚C prior to use. Protein concentrations were determined using the BCA assay (Pierce, Rockford, IL). Equal amounts of protein were loaded and separated by SDS-PAGE (4-12% gradient) and transferred to nitrocellulose membranes. Membranes were blocked with 5% dry milk and probed by the following antibodies: mouse anti-μ-calpain monoclonal antibody (1:5000, Chemicon, San Diego, CA), rabbit anti-m-calpain polyclonal antibody (1:2500, Affinity Bioreagents, Golden, CO), and rabbit polyclonal ß-actin (1:5000, Abcam, Cambridge, MA). Appropriate conjugated secondary antibodies: goat anti-mouse IgG-HRP (1:1000, Santa Cruz Biotechnology Inc., Santa Cruz, CA) and donkey anti-rabbit IgG-HRP (1:5000, Amersham, Arlington Heights, IL), were used prior to detection by chemiluminescence (Amersham). The relative intensity of calpain protein from Western blotting was obtained by densitometry, corrected with the ß-actin loading control, and compared with that observed in HeLa cells.
Real

Annexin V-FITC assays.
The translocation of phosphatidylserine (PS) to the surface of apoptotic cells was determined with Annexin V-fluorescein isothiocyanate (FITC) (BD Pharmingen, San Diego, USA) according to the manufacturer's recommendation. Propidium iodide (PI) was added to discriminate apoptotic cells from necrotic cells. Briefly, exponentially growing cells were plated at 6x10 6 cells per plate and treated with the compounds of interest for the indicated periods at a wide range of concentrations. Cells were collected, washed with ice-cold phosphate-buffered saline (PBS), and resuspended in 1X binding buffer. Shortly prior to analysis, an aliquot of control and treated samples containing 1x10 5 cells were transferred and stained with FITCconjugated Annexin V (5 μl) and PI (5 μl) for 15 min in the dark. Samples were analyzed using a FACScalibur flow cytometer equipped with a 488-nm argon laser and CellQuest software (BD Biosciences, San Jose, CA).
DNA fragmentation assays.
Fragmented DNA was isolated using a modification of the procedure of Herrmann et al (26) . Briefly, exponentially growing cells were plated at 6x10 6 cells per plate and treated with the compounds at the indicated concentrations for 24 h. After the end of the incubation period, cells were collected and lysed in lysis buffer (1% Nonidet P-40, 20 mM EDTA, 50 mM Tris-HCl pH 7.5). After centrifugation, the supernatant was collected. The extraction was repeated and SDS (final concentration 1%) was added to the combined supernatant. The supernatants were first treated with RNase A for 2 h at 37˚C, and then treated with Proteinase K for 6 h at 65˚C. DNA was precipitated by adding 0.1 Vol of 3 M sodium acetate and 2 Vol of ethanol. The pellet obtained by centrifugation was washed with 70% ethanol and dissolved in 20 μl of 100 mM Tris-HCl and 10 mM EDTA (pH 8.0). The amount of DNA was measured at A 260nm value, and its purity was determined by the ratio of A 260nm: A 280nm . Equal amounts of DNA were loaded onto a 1.8% agarose gel using 40 mM Tris-acetate and 2 mM EDTA as running buffer, and electrophoresed for 1.5 h at 80 V. DNA laddering was visualized and photographed under UV illumination by Kodak Image Station 440 CF (PerkinElmer, Inc., Boston, MA).
Caspase-3 activity assays. Activation of caspase-3 was measured using a commercially available caspase-3 assay kit (BD Pharmingen) according to the manufacturer's protocol. Briefly, exponentially growing cells were plated at 6x10 6 cells per plate and treated with the compounds for the indicated periods at 15-or 25-μM concentrations. After treatment, cells were fixed and permeabilized with Cytofix/Cytoperm solution followed by washing with Perm/Wash buffer. The fixed cells were suspended in the Perm/Wash buffer containing phycoerythrin (PE)-conjugated anti-active caspase 3 antibody and incubated for 30 min at room temperature. Cells were washed once with Perm/Wash buffer, and then cells were analyzed for PE fluorescence using a FACScalibur flow cytometer equipped with a 488-nm argon laser and CellQuest software (BD Biosciences).
Cell cycle analysis. Exponentially growing cells were treated at indicated concentrations for 24 h. At the end of the incubation period, cells were collected and washed twice with PBS. Cells were then fixed in pre-chilled 70% ethanol for 2 h. After an additional washing step, cells were treated with RNase A (final concentration, 0.5 mg/ml) at 37˚C for 30 min and stained with PI. Analysis was performed using a FACScalibur flow cytometer equipped with a 488-nm argon laser and CellQuest software (BD Biosciences). The percent of cells in the G0/G1, S and G2/M phases was determined using ModFit software (Verify Software, Topsham, ME).
Proteasome inhibition assay. Inhibition of the chymotryptic activity of the 20S proteasome was measured in 96-well plates as previously described (27) . Briefly, latent rabbit 20S proteasome (Calbiochem, San Diego, CA) was added to the buffer system (25 mM HEPES, 0.5 mM EDTA, 0.03% SDS, and 5 μM of a synthetic calpain inhibitor) to a final concentration of 0.9 nM in a final volume of 180 μl. PS-341 served as a positive control. The reaction temperature was maintained at 37˚C for 5 min. The assay was initiated by addition of 20 μl of 0.1 mM Suc-Leu-Leu-Val-Tyr-AMC (LLVY-AMC) (Bachem Biochemica GmbH, Heidelberg, Germany) and the increase in fluorescence emission at 440 nm (Ïex = 380 nm) due to the cleavage of AMC from the peptidesubstrate was monitored over 8 min using a SPECTRAmax Gemini fluorescence plate reader (Molecular Devices, Sunnyvale, CA).
Results
MTT assay.
The overall (i.e., cytostatic and cytotoxic) anticancer drug effects of the aldehyde calpain inhibitors were investigated in PC-3, HeLa, Jurkat, and Daudi cells by the MTT assay. Table I summarizes the IC 50 values (overall anticancer drug effects) against these four cancer cell lines and previous reported Ki values (inhibitory potency) for μ-calpain (24) . Comparison of the IC 50 values showed that the compounds displayed similar potency across the four cancer cell lines. The IC 50 values for compounds 1 and 2 were significantly lower in the cancer cell lines than those observed for other aldehyde calpain inhibitors. The compounds demonstrated selective cytostatic/cytotoxic activity, with IC 50 values 4-7-fold higher in CV-1 cells than in the cancer cells suggesting that they preferentially affect malignant cells. Despite having comparable calpain inhibitory potency and structure, compound 4 was not as effective as compound 1 in terms of antiproliferative effect.
The sensitivities toward compound 1 among the four cancer cell lines were examined in further detail. Fig. 1 shows the concentration-dependent cytostatic/cytotoxic effects of compound 1. IC 50 values of compound 1 in Jurkat, Daudi, HeLa and PC-3 cells were approximately equal (i.e., range 2.2-5.2 μM). However, a compound 1 concentration >10 μM completely inhibited Daudi, Jurkat and HeLa cell proliferation, but only decreased formazan production by ~80% at a concentration ≤ 50 μM in PC-3 cells. Complete inhibition of PC-3 cell proliferation by compound 1 was only achieved at the highest concentration (100 μM). Similar effects were observed with the other compounds in PC-3 cells, suggesting that those cells were uniquely resistant to the effects of these calpain inhibitors (data not shown). Table I . Structures, cytostatic/cytotoxic activity, and μ-calpain inhibition of aldehyde calpain inhibitors.
RT-PCR and Western blotting. We examined μ-calpain and m-calpain mRNA and protein expression in these four cancer cell lines in an attempt to further understand the observed difference in responses. Real-time RT-PCR was used to determine the gene expression of the calpain isoforms in each cell line normalized to 18S rRNA and relative to the expression in HeLa cells. Fig. 2A shows μ-and m-calpain mRNA expression in the four cell lines. μ-Calpain was constitutively expressed in all the cell lines tested. The mRNA expression level of μ-calpain in PC-3 cells was 15-fold higher than those in the other cell lines. In contrast, m-calpain mRNA expression in the two leukemia cell lines was below the limit of detection, and 20-fold higher in PC-3 cells than in HeLa cells.
Protein expression of calpain in the four cell lines was analyzed by Western blotting and densitometric analysis ( Fig. 2B and C) . mRNA and protein expression of the calpains in these four cancer cell lines showed similar patterns. Levels of μ-calpain protein expression were similar among the four cell lines, whereas m-calpain protein expression in Jurkat and Daudi cells was not detectable.
Apoptosis. The ability of the four aldehyde calpain inhibitors with a cyclic group at P2 (i.e., compounds 1-4) to trigger apoptosis of cancer cells was explored. We first used compound 1 to examine the time course for induction of apoptosis. Fig. 3A shows that compound 1-induced apoptosis increased with the duration of drug treatment in the leukemia cells, with minimal apoptosis observed at shorter exposure time (i.e., ≤ 8 h). The percentage of apoptotic cells increased at 12 h and then plateaued at exposure times approaching or beyond 24 h, as assessed by Annexin V-FITC. Thus, 24-h incubation times were used in subsequent studies. Fig. 3B and C shows the apoptosis as a function of drug concentration in two leukemia cell lines measured by Annexin V-FITC. All four aldehyde analogs caused dose-dependent apoptosis with compound 4 demonstrating less activity than the other analogs. Compound 1 demonstrated the most potent and effective ability to induce apoptosis in the leukemia cell lines. Fig. 4A shows the apoptosis induced by the aldehyde analogs in PC-3 cells. In general, the PC-3 cell line was less sensitive to calpain inhibition. Compounds 2, 3 and 4 induced marginal apoptosis (<8%) in PC-3 cells after treatment with a high concentration (100 μM) for 24 h. A similar extent of apoptosis was observed in PC-3 cells treated with compound 1. The percentage of apoptotic cells increased with longer exposure to compound 1 (Fig. 4B) , but never exceeded 10%. Slightly greater apoptosis was observed in HeLa cells (data not shown), although the percentage of apoptotic cells was still significantly smaller (i.e., <20% at the highest concentration) than that observed in leukemia cell lines.
We also determined whether compound 1 induced internucleosomal DNA fragmentation, the hallmark of apoptosis in these four cell lines (Fig. 5 ). Similar to our observations regarding to PS externalization, significant DNA fragmentation was observed after treatment of Daudi and Jurkat cells with compound 1, less DNA fragmentation was observed in HeLa cells, and no fragmentation was found in PC-3 (data not shown). As a whole, our cell proliferation and apoptosis data suggest that cytostasis rather than apoptosis is a dominant factor in PC-3 and HeLa cells in response to calpain inhibition.
To determine whether compound 1-induced apoptosis was accompanied by activation of caspase-3, an event that occurs in the early stages of apoptosis, activated caspase-3 in the four cancer cells in response to 15 and 25 μM compound 1 was detected by PE-conjugated anti-active caspase-3 antibody. Fig. 6 shows that exposure of Jurkat, Daudi and HeLa cells to compound 1 activated caspase-3. Consistent with the results from PS externalization and DNA fragmentation studies, a relatively large percentage of caspase-3 activation was observed in the presence of 25 μM of compound 1 in leukemia cell lines (57% in Jurkat and 45% in Daudi) followed by HeLa (18%) and PC-3 (7%).
Cell cycle recruitment in G2/M-phase of the cell cycle. The effect of compound 1 on the cell cycle of Jurkat, Daudi, PC-3 and HeLa was also examined after treatment with various concentrations of the drug for 24 h using flow cytometric analysis of DNA content by PI staining. As shown in Fig. 7 , compound 1 arrested cells at the G2/M boundary. G2-M phase arrest occurred in a concentration-dependent manner with ≤ 83% in Daudi, 87% in Jurkat, 84% in PC-3 and 90% in HeLa compared to 44% in Daudi, 54% in Jurkat, 61% in PC-3 and 63% in HeLa in the absence of compound 1. Moreover, the different cell lines showed different sensitivity to cell cycle perturbation. The maximal cell accumulations at G2/M compartment in response to compound 1 occurred at 15 μM in leukemia cells, 25 μM in PC-3 and 50 μM in HeLa, respectively. Prominent sub-G1 DNA peaks corresponding to the apoptotic population were only detected in leukemia cells.
Proteasome inhibition assay.
The cross-reactivity of calpain inhibitor I and II with other proteolytic enzymes prompted us to examine the effects of our compounds on proteasome activity, a potential confounding variable in our studies (23) . We examined SucLLVY-AMC degradation activity in latent rabbit 20S proteasome in the presence of our aldehyde analogs. As shown in Fig. 8 , the four aldehyde analogs did not inhibit the degradation of the substrate at a 5-μM concentration, while a much lower concentration of the proteasome inhibitor PS-341 (10 nM; a positive control) inhibited proteasome activity by 63%, indicating that the apoptotic and anti-proliferative activity of our compounds was not initiated by this enzyme.
Discussion
We examined the structure-anticancer activity relationship of a series of novel aldehyde calpain inhibitors. The results of our study suggest that calpain is a promising target for development of anticancer agents. Specifically, compound 1, an analog with a five-membered heterocyclic ring at P2 demonstrated potent enzyme inhibitory activity and effective apoptosis-inducing activity.
Previous enzyme inhibition studies showed that the aldehyde analogs with phenylalanine at P1, arylsulfonyl group at P3 and cyclic group at P2 exhibit a range of inhibitory potency for μ-calpain, with Ki values ranging from 0.07 to 0.54 μM (24) . We chose the most active analogs for further structure-activity studies. Our results indicate that the P2 position is important for both enzyme inhibition and anticancer effects. Among these analogs, those incorporating a fivemembered cyclic group at P2 (i.e., compounds 1 and 4) demonstrated the most potent μ-calpain inhibitory activity, with diminished potency observed for the compounds incorporating a four or six-membered ring. Compound 5 with a P 2 leucine residue was the most potent μ-calpain inhibitor of the series but it was not the most effective anticancer agent in terms of its IC 50 value. Although Ki values as determined in cell free system evaluate the intrinsic inhibitory potency of compounds for proteolytic activity, drug effects in whole cell systems are potentially confounded by factors including drug stability, cellular penetration, and/or non-specific binding, and may have contributed to the lesser anticancer activity of those latter compounds.
Tumor progression and carcinogenesis are often associated with gene or protein upregulation or downregulation. In order to investigate the possibility that calpain expression was related to the observed drug responses in cancer cells, we measured the mRNA and protein expression levels of two calpain isoforms, μ and m, in these four cancer cell lines. Previous immunofluorescence studies suggested that leukemia cells express high levels of calpain, whereas some solid tumor cell lines, PC-3 and HeLa, express low levels of calpain (13) . Our data provide contradictory results with high protein and mRNA levels of calpain in the PC-3 cell line compared to leukemia cell lines by real-time RT-PCR and Western blotting. More specifically, m-calpain protein expression varies in the four cancer cell lines, with 2-fold higher expression levels in the PC-3 cell line than in the HeLa cell line and undetectable levels in leukemia cell lines. μ-calpain expression levels were similar among them. It was reported that occurrence of m-calpain in human peripheral blood lymphocyte/monocyte fraction and lymph node dropped below detectable levels in some T-and B-cells (28, 29) and the presence of m-calpain in some T-or B-cell lines was related to HTLV-1 infection (28), which parallels our results.
During the process of apoptosis, cells undergo sequential morphological and biological changes including PS externalization, plasma membrane blebbing, cleavage of internucleosomal DNA into multiples of 180 bp fragments, and caspase-3 activation. To fully characterize calpain inhibitor-induced apoptosis, several end-points of apoptosis were used: PS externalization, DNA fragmentation, caspase-3 activation, and sub-G1 fraction of DNA content. We observed consistent results using all of these detection methods.
Although the compounds exhibited similar drug effects in the leukemia cells and the solid tumor cells, their apoptotic behaviors were significantly different and were inversely related to their calpain expression levels. Calpain inhibitors do not trigger apoptosis in PC-3 cells, which highly express m-calpain, while leukemia cell lines with undetectable levels of m-calpain were more susceptible to undergo apoptosis in response to calpain inhibition. The extent of apoptosis in HeLa cells was moderate under identical conditions. With 24-h treatment, apoptosis induced by the compounds occurred in a dose-dependent manner in Jurkat and Daudi cells, as determined by Annexin-V FITC assay and DNA fragmentation assay. In leukemia cell types, the potency and efficacy of The involvement of calpain in controlling the cell cycle at multiple points has been established (7, (30) (31) (32) (33) . While some studies suggested that calpain is involved in regulating the G1 checkpoint by targeting the tumor-suppressor protein p53 (31) , cyclin D1 (30) and other proteins (34) , calpain was first reported to be involved in mitosis by promoting transition from metaphase to anaphase (33) . Our results are consistent with the previous finding that calpain is involved in G2/M phase. One of the possible substrates is c-Mos, which functions as a cytostatic factor (CSF) and is degraded by calpain at a specific site during fertilization of Xenopus (7). Another possible substrate could be p53, which is required to sustain G2 arrest after DNA damage (35, 36) . Inhibition of calpain activity by compound 1 may stabilize p53 protein expression and arrest cells in the G2 phase. Nevertheless, despite their mutated p53 status in Jurkat and p53 null status in PC-3 (1), they are also arrested and delayed in G2-M progression, suggesting that these effects were mediated via a p53-independent mechanism.
These results indicate that aldehyde calpain inhibitors exhibit their anticancer effects via an induction of G2/M arrest and apoptotic cell death that involves caspase-3 activation. Similarly, G2/M phase perturbation was a dominant factor for the antiproliferative activities of the calpain inhibitors in solid tumor cell lines.
Furthermore, the specificity of these calpain inhibitors was examined. The compounds did not inhibit 20S proteasome enzyme activities, ruling out any contribution from proteasome inhibition to the observed drug effects. Our results indicate that the cytostatic/cytotoxic effects induced by aldehyde calpain inhibitors were specific to calpain inhibition. Not only as anticancer agents, the series of aldehyde compounds disclosed here also offer biomedical tools for differentiating the cellular roles of calpain and 20S proteasome in various pathophysiological processes. Among them, compound 1 is both a potent inhibitor of μ-calpain and an effective anticancer agent. Moreover, compound 1 is more potent and specific to calpain than calpain inhibitor I and II. Hence, compound 1 is recognized as a lead compound for further study and modification.
In conclusion, the results of the present study not only support the idea of calpain as a novel target for the treatment of a variety of cancer diseases, especially leukemia/lymphoma, but also highlight compound 1 as a lead compound for future development and pharmacologic study.
